7
Genetic complementation was obtained by PCR-amplification of the relevant gene and subsequent 143 cloning into the low copy number plasmid pACYC177, followed by transformation of the resulting 144 plasmid into the mutant strain, essentially as described (21) . Primers are listed in Supplementary 145 Material, Table S1 . Restriction enzymes XhoI and BamHI were used for cloning according to the 146 manufacturer´s recommendation (Thermo Scientific, by, Denmark), and constructs were verified 147 by restriction analysis and sequence analysis. 
154
Chloramphenicol 10 ug/ml, kanamycin 50 ug/ml, glycine 0.55 mg/ml, serine 0.55 mg/ml and 155 methionine 0.55 mg/ml (Sigma, Denmark), were added when appropriate.
157
Growth phenotypes of mutants were determined by first growing the bacterium overnight in LB 158 flasks at 37 °C with shaking (200 rpm). This culture was diluted 40 fold into 0.2 ml M9 and growth 159 was followed for 24 hours at 37 °c with shaking (250 rpm) by OD 600 measurement each 15 160 minutes in a BioScreen CTM format with biological triplicates and technical replicates. Wild type 161 strain and blank wells were included as controls. Growth curves were extracted using Excel 162 (Microsoft, SanDiego, USA) and OD 600 values were corrected for the blank controls.
164

Microscopic appearance of bacteria 165
The microscopic appearance of bacteria was determined by phase contrast microscopy at fixed 
172
Macrophage survival experiments 173
Survival and multiplication inside J774 macrophages were measured as described (21). S. 174
Typhimurium 4/74 was used as reference wild type, and ΔssaV mutant in the 4/74 background 175 (21) was used as negative control. Deletion of this gene renders S. Typhimurium incapable of intra 176 cellular replication (23). Briefly, MOI of infection was 5 and 25 minutes was allowed for the initial 177 uptake of bacteria, whereafter gentamicin (100 ug/ml) was added for one hour and then replaced 178 with 25 ug/ml for the rest of the experiments. CFU counts with three or four biological repeats and 179 with technical duplicates were obtained at the point of the first addition of gentamicin, and after 1 180 hour, 2 hours and 21 hours of incubation with this drug.
182
Mouse infections 183
Measurement of infection efficacy was performed using a systemic model of infection in C57/BL6 184 female mice (Taconic, Denmark) . The competitive challenge model (24) where wild type and 185 mutant strain were given together in the same mouse was used, as described (8). Briefly, mice 186 were inoculated by the I.P. route with 0.1 ml of an approximately 1:1 mixture of wild type and 187 mutant strains in PBS. The inoculum was standardized to contain a challenge dose of 5×10 3 188 bacteria of each strain using CFU measurements. The exact amount of each strain in the inoculum 189 was determined by plating serial dilutions on LB plates. The ratio between wild type and mutant 190 bacteria in the spleen was determined 6 days post-inoculation by plating dilution series on LB agar 191 and subsequently determining the resistance (chloramphenicol or kanamycin resistance) of 100 9 colonies. Sensitive bacteria corresponded to wild type and resistant bacteria to mutants. The 193 competitive index was calculated as the mutant/wild type ratio of the spleen count versus the 194 mutant/wild type ratio of the inoculum. Severely affected mice were humanely killed. If the spleen 195 of such mice contained >10 5 CFU Salmonella this was expected to be the cause of the disease, and 196 colony counts of such mice were included in the competitive index scoring.
198
Ethical statement 199
Mice challenge experiments were conducted with permission to the senior author from the Danish 
203
Statistical analysis 204
Statistical differences between wild type and mutant strains in CFU, and in virulence measured in 205 mice, was determined using GraphPad Prism®, version 5.0 (GraphPad software, Town, USA) with 206 one-sample t-test analysis. Grubb´s outlier test was performed to exclude outliers with a 207 significance of 0.05.
209
Results
211
PurN and PurT are redundant in vitro but not in vivo.
212
PurN and PurT have been reported to be redundant for growth of E. coli, although purN and purT 213 mutants grow somewhat slower than the wild type (11). Single mutants in S. Typhimurium 4/74 214 created by deletion of the purN and purT genes grew as well as the parental wild type strain in 215 10 the double mutant did not grow. The growth determination of the ΔpurN mutant is shown in
217
Supplementary Figure S1 to demonstrate the way specific growth grates were determined. When 218 grown in rich media (LB), the double mutant had no growth defect (data not shown). This 219 corresponds to PurN and PurT being redundant for growth in minimal medium in vitro. 220
221
When the mutants were analysed for their virulence in mice, using competitive challenging 222 experiments, both single and double mutants were severely attenuated, showing competitive 223 indexes (CIs) below 0.03. Virulence of single mutants could be raised to normal levels by 224 complementation with wild type genes in trans ( Interaction with macrophages is an important step in the development of systemic salmonellosis in 232 mice, and the majority of mutants that fail to grow in cultured macrophages have turned out to be 233 attenuated during mice infection (25). To investigate the ability to grow in macrophages, we 234 challenged cultured J774A.1 macrophages with ΔpurN and ΔpurT mutants. As seen in Table 2 , the 235 WT strain was found to multiply 9.7± 2.5 times in 20 hours. This equals approximately seven-hour 236 generation time, and corresponds to estimates for multiplication of S. Typhimurium in the spleen 237 of mice in vivo (26) . In contrast, the ΔpurN mutant only multiplied 4.4 ± 3.5 times, which was 238 significantly less than the wild type strain (p=0.03). The ΔpurT mutant resembled the wild type 239 strain and multiplied 8.0 ± 5.6 times, suggesting that the attenuation in virulence caused by the 11 ΔpurN mutant might be related to replication in cells of this type. The double mutant was severely 242 attenuated, and the resulting number of bacteria after 20 hours was reduced 70% compared to 243 the number of cells taken up by the macrophages ( Table 2) . The control strain, S. Typhimurium 244 4/74 lacking ssaV, encoding an effector protein of the type three secretion system, SPI-2, 245 associated with intracellular multiplication (23), multiplied 2.1 ± 0.6 times, which was within the 246 expected range, showing that the assay was performing as expected. The differences in 247 multiplication were not caused by different starting concentrations, since all strains were taken up 248 by the macrophages to the same degree (data not shown). Contrary to ΔpurT, a ΔpurU mutant showed no growth defect in E. coli (16) . Interestingly, the 258 opposite was observed in S. Typhimurium. The ΔpurT mutant was not growth arrested, whereas a 259 purU deletion in S. Typhimurium strain 4/74 resulted in a reduced growth in M9 minimal medium 260 (μ= 0.25±0.002; p-value compared to WT strain <0.05). Complementation by providing the purU 261 gene in trans did not restore wild type growth; on the contrary, it reduced growth rate further (μ= 262 0.15±0.002) ( Table 2) . A possible explanation is that provision of PurU in trans on a plasmid 263 results in too high enzyme levels and excessive conversion of fTHF into THF and formate. A purT 264 deletion in the ΔpurU mutant restored normal growth (μ= 0.38±0.01). This showed that the slow 12 attenuation of the ΔpurT mutant probably was caused by formate accumulation or wasteful 267 conversion of fTHF to THF, which disappears when PurT and PurU are absent in the same 268 bacterium.
270
In macrophage experiments the ΔpurU mutant was significantly attenuated in multiplication over 271 20 hours (4.6 ± 2.5; p<0.05). The ΔpurU mutant was also significantly attenuated in mouse 272 virulence, albeit not to a level that resembled ΔpurN and ΔpurT mutants ( Table 2 ). In accordance 273 with the phenotype seen during growth in M9 medium, a completely restored virulence of the 274 ΔpurT/ΔpurU double mutant was seen in the mice assay (CI: 1.6) ( Table 2) .
276
Glycine but not serine is available for C-1 production during mouse infection 
284
We have previously predicted and validated by challenge experiments that a ΔserA mutant, which 285 is unable to synthesize serine and therefore rely on uptake of serine or production of serine from 286 glycine for serine production (see Fig 1B) , is fully virulent in mice (8). Others have likewise 287 predicted by in silico modelling that SerA is not needed for growth in vivo (5) . From this we 288 previously concluded that serine was most likely taken up from the host environment, but that 289 further studies were needed to understand the relative contribution of GlyA and the glycine 290 cleavage enzyme, GVC, in the phenotype of the ΔserA mutant (8). In the present study we 13 analysed a ΔgcvT mutation that cannot convert glycine into C-1 units and CO 2 (see Fig 1B) .
292
Whether the ΔgcvT mutation was present alone or together with the ΔserA mutation, virulence 293 was reduced significantly. The strain multiplied like the wild type strain in cultured macrophages,
294
suggesting that the limiting step in infection was not intracellular multiplication in this cell type 295 (Table 3 ). The results show that exogenous glycine, and not serine as previously believed, was 296 available during infection. If serine had been available in sufficient amounts for synthesis of glycine 297 and C-1 units, then the ΔgcvT mutation would have had no effect. This appears to be the situation 298 in vitro, since the ΔgcvT mutant grew as well as the wild type strain in M9 medium (μ= 299 0.31±0.21), while the ΔglyA mutant was severely growth attenuated. This phenotype could be 300 reversed by addition of the wild type glyA gene in trans, and addition of glycine to the minimal 301 medium also restored growth partially (Table 3 ). The wild type 4/74 strain was not affected by 302 addition of glycine to the medium (data not shown). These observations suggest that in vitro GlyA 303 is the enzyme that is most important for production of C-1 units, while the glycine cleave system 304 has this role in vivo, and it underscores the difficulty in predicting in vivo importance from in vitro 305 growth phenotypes. We can also conclude from the ΔgcvT single mutant, that serine production 306 through the SerA enzyme (present in the ΔgcvT single mutant) and subsequent conversion to 307 glycine and C-1 units by the GlyA enzyme (also present) is not sufficient to support virulence of 308 Salmonella Typhimurium 4/74 in the mouse model. 309 310 These conclusions were corroborated by the analysis of the ΔglyA mutant, which was only partly 311 reduced in virulence (Table 3 ). If glycine were normally synthesized from serine through the GlyA 312 enzyme, then the mutation would have had severe consequences. As expected, the introduction of 313 a ΔserA mutation (in itself dispensable) in the ΔglyA strain (partly avirulent) resulted in total 314 avirulence, because now the cell had no means of obtaining serine for protein synthesis. For the 315 same reason, Thiele et al. (5) predicted this combination to be lethal in S. Typhimurium of the gcvT gene in the ΔglyA background increased attenuation even further than the two single 317 mutations, and no colonies were obtained from mice challenged with this strain. If for statistical 318 purposes one assumed one colony per mice, this would not have been significantly different from 319 the ΔgcvT mutant on its own, but significantly more attenuated than the ΔglyA mutant (Table 3 ).
320
The observation was expected, because now the production of C-1 units for purine and methionine 321 synthesis was totally blocked. In macrophages, growth of the ΔglyA mutant was highly impaired, 322 and a wild-type glyA gene provided in trans complemented this phenotype (Table 3 ), suggesting 323 that either glycine biosynthesis or formation of serine from glycine was a limiting factor for S. 324
Typhimurium growth in macrophages, but also that the lower multiplication rate does not lead to 325 total avirulence in mice (CI: 0.3).
327
The results with the glyA mutant to some extend contradicted a previous report by us (8), where 328 we concluded that the ΔglyA deletion mutant was more attenuated in mice than reported here.
329
Upon microscopic analysis of the different mutants we discovered a possible reason for this 
339
We did not enquire further into this interesting phenotype in the present study. We showed above that virulence attenuation of the ΔpurT mutant was probably associated to 342 imbalance in formate or fTHF conversion. To investigate whether lack of THF production affected 343 the phenotype of mutants in C-1-metabolism, we characterized a number of combined purine 344 synthesis and C-1 metabolism mutants. All four combinations of ΔserA or ΔglyA mutations with 345 mutation in purN and purT were growth attenuated to the same extend as the single ΔserA or 346
ΔglyA mutants in vitro (combinations with ΔpurN: μ= 0.00 (ΔserA) and 0.04 ± 0.003 (ΔglyA); 347 combinations with ΔpurT; μ= 0.00 (ΔserA) and 0.03 ± 0.00 (ΔglyA)). From this we concluded that 348 there was no significant effect of the extra deletion of purN and purT in the ΔserA and ΔglyA 349 mutants in vitro even though the competing use of methylene-THF for purine biosynthesis was 350 prevented. We also tested the ΔpurN/ΔglyA strain in the mouse model and this strain was not 351 significantly different from the ΔpurN mutant on its own (CI: 0.02±0.02), while the ΔpurT/ΔserA 352 mutant apparently was less attenuated than the ΔpurT strain (CI:0.17±0.13), however the 353 difference was not statistically different from the ΔpurT strain on its own (p>0.05). Together these 354 experiments indicated little or no overlap between the two systems.
356
Synthesis of methionine from homocysteine and C1-THF in vivo.
357
Methionine synthesis is also interlinked with the purine synthesis through the common pool of 358 mTHF and THF ( Fig 1B) , and we therefore also considered its importance for the results obtained 359 with S. Typhimurium lacking PurN or PurT. Methionine is synthesized by two homocysteine 360 methylating enzymes, MetE and MetH (27) . The apparent redundancy of the reaction should 361 enable the strain to synthesize methionine even when either the metE or the metH gene was 362 mutated, and previous predictions of redundancy in S. Typhimurium has predicted that these two 363 enzymes form a cut-set (6). However, while the MetE enzyme is functional under aerobic growth, 364 the MetH enzyme requires vitamin B12, which is only synthesized in S. Typhimurium under 
367
Interestingly, however, also a ΔmetH mutant was found to grow with a lower growth rate than the 368 wild type in M9 medium (μ= 0.20±0.01), suggesting that the MetH enzyme is important under the 369 growth condition tested (Table 4 ). As expected, a ΔmetE/ΔmetH double mutant did not grow in 370 M9 minimal medium, since no methionine is available to this strain for protein synthesis. This 371 phenotype could be complemented by addition of methionine to the medium (μ= 0.31±0.02), a 372 step that did not affect growth of the wild type strain (data not shown) and showing that 373 methionine biosynthesis is dispensable, when methionine can be taken up from the environment.
374
The same was the case for the growth defects of the ΔmetH single mutant (μ= 0.35±0.03 with 375 methionine supplied). When the metE gene was supplied in trans to the ΔmetE/ΔmetH double 376 mutant, the growth was fully restored (μ= 0.24±0.03) to the level of the ΔmetH single mutant,
377
showing the importance of the MetH enzyme during aerobic growth even with the MetE protein 378 expressed from a multicopy plasmid. Addition of methionine to the ΔmetE mutant in M9 medium 379 likewise raised the growth rate (μ= 0.20±0.01). A triple mutant, where the double metE/metH 380 mutations were combined with mutation of purT did not grow in M9 media, corresponding to the 381 phenotype of the ΔmetE/ΔmetH mutant on its own. Addition of methionine restored growth 382 completely in this mutant (μ= 0.35±0.01), which also corresponded to the ΔmetE/ΔmetH mutant 383 on its own. Taken together the results were interpreted as no or very little interaction between
384
PurT and MetH/MetE, and vice versa.
386
The ΔmetH mutant was slightly but significantly attenuated during mouse infection with a 387 competitive index of 0.4 (p<0.001), while the ΔmetE single mutant and the ΔmetE/ΔmetH double 388 mutants were totally avirulent (Table 3) . Althougt the metE gene in trans fully complemented the 389 growth phenotype of the double mutant to the level of the ΔmetE mutant in M9 medium, the 390 presence of the metE gene on a multicopy gene did not render the double mutant virulent at all. 391 on June 8, 2016 by TECH KNOWLEDGE CTR OF DENMARK http://iai.asm.org/ Downloaded from Methionine appears to be available in macrophages to some extent, as the ΔmetE/ΔmetH double 392 mutant could multiply three-fold within twenty hours in cultured macrophages (Table 4 ). While 393 methionine is available in macrophages, we may conclude from the infection studies, that it is not 394 available during other phases of mouse infection. Elimination of purT in the double mutant 395 background reduced net multiplication rate in macrophages significantly (0.73±0.29), suggesting a 396 synergistic effect of the mutations at this level.
398
Discussion
399
The main aim of this study was to determine the contribution of the in vivo redundant enzymes 400
PurN and PurT to virulence in S. Typhimurium, and when realizing that they were not redundant in 401 vivo during infection of mice, to elucidate possible reasons for this. In the broader perspective, the 402 study illustrates that one cannot safely assume that in vitro redundancy between enzymes is 403 followed by a similar in vivo redundancy during infection of mice. Another important observation, 404 based on the in vitro growth experiments, is that even though E. coli and S. Typhimurium share 405 the basic architecture of the metabolic systems we have investigated, the growth phenotypes 406 associated with knock out of a gene cannot always be assumed to be the same. This notion has 407 recently been highlighted in another publication, dealing with thiamine biosynthesis in E. coli (29) . 408
409
The concept of redundancy has mainly been understood from studies of E. coli K12. When it grows 410 on glucose as the sole carbon source, more than 80 of the 227 metabolic enzymes are non-411 essential (30). Redundancy may be a trade-off between efficiency and robustness, and organisms 412 with a broad niche repertoire show the highest degree of redundancy. Therefore, redundancy has 413 been interpreted as a mechanism that supports niche adaptation (31). Others, however, consider 414 redundancy as a way to withstand detrimental mutations (32). Our observations with PurN and 19 poorly or was killed more quickly than wild type inside macrophages (these two things cannot be 442 separated by the assay we used), suggesting that macrophage survival/growth could be one of the 443 critical points in progression in the host for this mutant. Recent studies have shown that one 444 should be careful not to over-interpret results from experiment with cultured macrophages, and 445 especially not to draw conclusions on mechanism of virulence from such studies (39). Also it 446 should be noted that the J774 cells have a different genetic background (BalB/c) than the 447 mouse strain used, and even though they are both slr -/-( N-ramp neg ), this may make it difficult 448 to compare the in vivo and the in vitro situation directly, Our results with macrophages should 449 thus be interpreted with caution.
451
Studies using a mutant in the essential S. Typhimurium purG gene (also termed purL) have shown 452 that this purine auxotroph strain fail to repair DNA damage caused by Reactive Oxygen Species in 453 the phagosome environment of the macrophage, and that this can explain the inability of the 454 mutant to multiply inside macrophages (40). Our results suggest that PurN has sufficient activity 455 within macrophages to ensure that DNA damage can be repaired in the absence of PurT, while
456
PurT cannot ensure wild type propagation in macrophages in the absence of PurN. The reduction 457 in net growth of the PurN mutant with approximately 50 % corresponds to previous observations 458 on net growth rate of a ΔpurH mutant in mouse spleens (26). The results indicated that intra 459 cellular propagation was the rate-limiting step causing attenuation of the purN mutant, and also 460 that purines cannot be supplied in sufficient amounts from external sources during macrophage 461 infection. A recent study has shown that the ΔpurH mutant grows with two distinct populations 462 with respect to location and growth rate in the spleen of mice (26), probably reflecting that the 463 growth happens in two compartments with two different demands for purine synthesis, and it 464 would be interesting to investigate whether the ΔpurN mutant also grows as two separate 465 populations inside macrophages.
20
Purine synthesis has been found to be marginally (down) regulated when S. Typhimurium grows 468 inside cultured macrophages, and PurN and PurT are regulated to the same degree, although only
469
PurN was significant different from the control by the statistical analysis used in the study (41).
470
The reference condition was growth of opsonized bacteria in cell culture media, and the 471 observation is therefore difficult to compare to the present study, where bacteria were grown in LB 472 media prior to macrophage challenge; however, it indicates that S. Typhimurium requires as much 473 or slightly more purine de novo biosynthesis to grow in cell culture medium as it requires for 474 growing inside macrophages.
476
With current techniques it is not possible to determine the exact amounts of important 477 intermediates in the purine biosynthesis, such as THF species, in bacteria during infection. In order 478 to understand why both enzymes were essential and whether this was related to imbalance on the 479 consumption and production of THF species, we chose a mutant-based approach, where relevant 480 genes were deleted in different combinations. Our studies with ΔpurU and ΔpurT strains strongly 481 suggested that a main reason for attenuation of the purT mutant was accumulation of formate or 482 wasteful use of fTHF by PurU, since the double ΔpurT/ΔpurU mutant was fully virulent. For this to 483 make sense, the metabolism should be aerobic, since this is the condition where formate 484 production by PurU is a dead end product in the absence of PurT (16). In this sense, our 485 observation supports a recent study, showing that the environment perceived by Salmonella, when 486 it resided in cells of the monocyte line in the spleen, is aerobic, because Salmonella exclusively 487 resides in the red pulp in close proximity to erythrocytes (26). It still needs to be determined 488 whether formate accumulation or wasteful fTHF, or both, are the important factor, and to detect 489 the exact point in infection, where this may be the case. The fact that the mutant without PurT 21 could propagate in cultured macrophages suggested that formate accumulation and/or wasteful 491 fTHF consumption is not a problem inside such cells.
493
The current study also made important observations with regard to the role of C-1-metabolism in 494 virulence. Based on in vitro experiments, the glycine cleavage enzyme, GCV, has been estimated 495 to contribute less to formation of C-1 units in E. coli than the hydroxyl-methyltransferease-enzyme 496 encoded by glyA (14) . The growth experiments in the current study shows that S. Typhimurium in 497 vitro shows the same balance between the two enzymes, since the ΔgcvT mutant was not growth 498 attenuated, while the ΔglyA mutant did not grow. In vivo, however, the situation was totally 499 opposite. The ΔglyA strain was only partly attenuated, while the ΔgcvT mutant was highly 500 attenuated and colonies were rarely isolated from any infected animals. Interestingly, concurrent 501 mutation in serA did not change this, which showed that contrary to previously expected (8), 502 exogenous glycine, and not serine must be available to Salmonella during infection. Else, glycine 503 and C-1 units could have been formed by glyA from serine, and then the ΔgcvT mutation would 504 have had no effect ( Figure 1B) . When ΔpurN or ΔpurT mutations were combined with mutation of 505 serA or glyA, the in vitro phenotypes indicated that the purine synthesis and C-1 metabolism 506 systems did not interfere significantly with each other. Double mutants caused the same 507 phenotype as the single gene with the highest influence on the performance of S. Typhimurium. 508 Unexpectedly we discovered that ΔglyA mutants form elongated cells when growing in vitro. 509
Filament formation is well known in Salmonella as a response to osmotic and cold stress (42,43), 510 but this phenotype of glyA mutation has, to the best of the author's knowledge, not previously 511 been described in this genus, nor in any of its close relatives. The phenotype could be reversed by 512 genetic complementation in trans, ruling out that it was caused by secondary mutations in genes 513 of relevance for Z-ring formation. In the process of detailing the link between the purine and methionine metabolism we discovered 516 that the enzymes MetE/MetH, which are considered redundant (6) also did not show redundancy 517 during infection. We confirmed that methionine is not taken up from the host during mice 518 infection, since the ΔmetE/ΔmetH double mutant was avirulent. It has previously been shown that 519 mutation of metC, which mobilises sulphur for methionine, is essential in S. Typhimurium (44) , and 520 S. Typhimurium is only one among several pathogens where methionine biosynthesis appears to 521 be essential during growth in the animal host (45, 46) . In vitro, the double mutant did not grow 522 either. This phenotype could be complemented by addition of methionine to the medium, showing 523 that the methionine uptake system can compensate fully for lack of the biosynthesis system during 524 growth in vitro. Provision of metE in trans restored growth to the level of the ΔmetH mutant. This 525 demonstrated that the metE mutation can be complemented in trans and that MetE and MetH are 526 not fully redundant; the enzyme MetH, which is associated to anaerobic growth (26), must play a 527 role during this growth, even though the cultures were shaken. Further studies are needed to fully 528 understand the reasons for this observation. Like for the C-1 metabolism, we did not find any 529 indication that purine mutation significantly affected the phenotypes obtained after mutation of 530 methionine synthesis genes. (Fig. 1A) , and the interconnection between purine synthesis and the 718 carbon-1 metabolism, where essential carbon-1 (C-1) units are produced (Fig 1B) .
719
( Fig 1A) : PurN converts Gar to fGar using fTHF as formyl donor, while PurT converts Gar to fGar 720 using formate as formyl donor. Formate is produced from fTHF by the enzyme PurU. 
